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Introduction
Due to extensive properties such as high thermal and high electrical conductivity, as well as good ductility, sufficient corrosion resistance, copper containing materials have become significant in the last decade [1] [2] [3] . Cu-based materials have a wide range of applications in various industries such as the electrode of resistance welding and high voltage switches in electronic [4] [5] [6] . Therefore, these materials require remarkable * Corresponding author.
E-mail: h aghajani@tabrizu.ac.ir (H. Aghajani). elevated temperature properties like mechanical strength and corrosion resistance to show suitable performances [7] [8] [9] [10] .
In order to develop copper nanocomposites with mentioned properties, second phase addition is the most used methods to uniformly distribute ceramic materials such as oxides, borides, carbides, nitrides and silicides [11, 12] . Many studies have been conducted on the manufacturing of the nanostructured materials with high uniformly distributed nanoparticles [13] . During the last decade, various reports have been released about the internal oxidation, which was the method for the production of Oxide Dispersion Strengthening (ODS) materials [14] . Also [14] [15] [16] , SiC [17] [18] [19] , CNT [20] [21] [22] , TiB 2 [23] , TiC [24, 25] and TiO 2 [26] [27] [28] .
Despite several studies conducted on Cu-Al 2 O 3 nanocomposites, few studies are reported on Cu-TiO 2 composites. Regarding the equilibrium phase diagram of Cu-Ti, Ti is dissolved in Cu less than 6 wt% at 870 • C and much less at room temperature. It means that there is a limitation in the solubility of Ti on the Cu matrix. Moreover, owing to the solubility limitation curve, the remained Ti could be extracted from copper lattice by using a heat treatment process [29] . Also, in comparison to oxidation rate of Ti and Al, Ti had a high oxidation rate, so reduction process of copper oxide is done with the higher rate. Among various methods for manufacturing metal matrix composites, the self-propagating high-temperature synthesis (SHS) method is a proper way due to its low cost, low power consumption, simplicity, and its high speed. SHS is also called combustion synthesis. Due to its simplicity, environmentally friendly properties and cost-effective, this method attracts more attention to the fabrication of composites [30] . This route is based on exothermic reactions and, by occurring the self-sustained reaction between the elemental powders, well-desired products could be obtained [31] .
Javaherian et al. [28] showed that by increasing the compaction pressure resulted from the lack of time and space for the motion of melted phase of Cu, the major amount of this phase froze after formation and could not transform into matrix phase. Adding the second phase improves the mechanical properties. Also, due to the formation a new second phase between matrix as well as the variation of microstructure, corrosion behavior will be affected. This work concentrates on the fabrication and corrosion study of Cu-TiO 2 composite produced by SHS method. Furthermore, changes on the mechanical properties and corrosion resistance caused by the addition of various amounts of Cu to the stoichiometric mixture of CuO and Ti will be studied.
Experimental

Preparation for synthesis
For synthesis, Cu powder (99% purity, <20 mm average particle size, Merck), Ti powder (99% purity, <45 mm average particle size, Merck), have been used as raw material. The Cu powder was placed in an alumina crucible and put in the furnace at 400 • C for 3 h to be oxidized as CuO. Oxidized Cu was added to Ti with the stoichiometric ratio. To investigate the effect of additional Cu on mechanical and physical features of this composite 10, 20, 30 wt% Cu was added to the stoichiometric mixture as Eq. (1), which is shown by x-value:
The HSC ver. 3.0 software was utilized to calculate the adiabatic temperatures. As the next step, the obtained powder was blended in a ball mill for 3 h. To increase the green strength, 0.1 wt% Poly Vinyl Alcohol (PVA) solution (0.1 mol) was added to the mixed powder before the cold press. Cold pressing was carried out under 20 MPa pressure. Subsequently, specimens were dehydrated for 1 h in the oven at 130 • C. The Table 1 -The coding of samples.
Code
Excess Cu-content (wt%) S1 0 S2 10 S3 20 S4 30 SHS reactions were performed in a stainless steel cylindrical vessel under an argon atmosphere with a pressure of 0.1 MPa. Combustion of samples was carried out with Ni-Cr and the propagation resulted from the combustion wave proceeded through the other end of the samples. Final composites were cut by the electro-discharge machine (EDM-AH840-Mah Wire Cut-Isfahan-Iran). The samples are coded according to Table 1 .
Characterization of samples
The microstructure of samples was revealed using Scanning Electron Microscopy (SEM-A Vega Tescan) and chemical analysis was carried out using X-ray energy dispersive spectroscopy (EDS) spectra for microstructure observation. The phase composition of specimens was determined by X-ray diffraction (XRD) with Cu K␣ radiation source (1.5406Å) (Philips 1710 High-Resolution). Electrochemical polarization experiments were carried out using an Auto Lab Corrosion measurement system. Electrodes for this purpose were prepared by connecting a wire to one side of the samples and covering with cold setting resin and the opposite surface of the specimens (1 cm 2 ) was exposed to the solution. The specimens were given a metallographic polishing prior to each experiment, followed by washing with distilled water and acetone. A polarization test was carried out in a corrosion cell containing 150 ml of 3.5% NaCl using a standard three-electrode configuration. Specimens were immersed in the test solution and a polarization scan was carried out towards more noble values at a rate of 1 mV s −1 , after allowing a steady state potential to develop. Electrochemical Impedance Spectroscopy (EIS) analyses (frequency range = 1 × 10 −5 to 90 kHz, amplitude = 3 mV) were performed by means of a Solartron 1470 battery test unit coupled to a Schlumberger SI 1255 response analyzer, on the same electrode at different stages during the cycling test.
Results and discussion
The XRD pattern of samples is presented in Fig. 1 . It is obvious that Cu-TiO 2 was formed, but the complete synthesis was not achieved within this process. Although the Cu matrix with TiO 2 particles is formed in all the samples, this pattern shows that Eq. (1) is not completely taken place in any of the samples. It could be observed that even TiO 2 was not formed in the stoichiometry ratio, which should be due to the addition of Cu and decreasing the reaction temperature. Fig. 2 shows the calculated temperature by HSC. Although the temperature is decreased, it is still high enough (higher than 3000 • C) to melt both copper and titanium and form a solid solution for them. The microstructure shown in Fig. 3 (a) confirms the formation of a solid solution which was not remarkable enough to be detected by XRD. The lighter areas were formed solid solutions during the process. Also, the elemental mapping is conducted by EDS in Fig. 3 (c) which is performed to determine the distribution of the elements in the synthesized structure. It shows the homogenous distribution of elements in solid solutions.
Other map analyses given in Fig. 4 , show that TiO 2 particles are surrounded by Cu matrix. Also, it is obvious from Fig. 4 that there is overlap between oxygen, Ti and also Cu and it again confirms the XRD results that show the existence of CuO. Metastable phase, Cu 3 Ti, was formed in samples due to the high synthesis temperature and it was reduced by increasing the Cu content of the samples, so there was no sign of this inappropriate phase in sample 4. Uzunov et al. [32, 33] showed that in Cu-Ti system with excess Ti, CuTi 2 is formed. When the Cu is in excess content, ␤-Cu 3 Ti is formed. In both cases the intermetallic phase formation goes in two stages: the diffusion of Cu and Ti atoms through the growing phases is the slower one, while the quicker is a rearrangement of the atom in a new lattice on the respective interphase boundaries. According to the phase diagram of Cu-Ti, given in Fig. 5 , the metastable phase Cu 3 Ti, is stable around 885 • C. In the first place, the diffusion of Cu atoms defines the phase growth. It is seen that with increasing the Cu content, reduction of CuO happened more and the amount of formed Cu increased, but at 30% Cu content, the reduction of copper oxide to Cu is not complete and interstage product, Cu 2 O was formed in a very little amount. Cu 2 O needs less weight percent of oxygen than CuO to form (11.2-20 wt%) [29] , and it is obvious that whole CuO is consumed in sample S3 and oxygen in sample S4. It could be predicted that the optimized amount of additional Cu content is more than 10 wt% and less than 20 wt%.
Micro-hardness values are shown in Fig. 6 . The maximum value was obtained in sample S2 (269 HV). It is shown that by increasing the Cu content up to 20 wt% and eliminating the CuO phase and with the formation of titanium oxide instead, the micro-hardness value is increased. By increasing the Cu content up to 30 wt% and due to the elimination of undesired brittle phase Cu 3 Ti, and also increasing the softer matrix of composite the micro-hardness is decreased to 183 HV. This phenomenon confirms that the secondary phase (amount and dispersion) is more determined by hardness value than process parameters like pressure.
Representative electrochemical polarization curves obtained for synthesized nanocomposites are presented in Fig. 7 , while the calculated E corr and i corr are reported in Table 2 . It is obvious that in S1 and S2 the polarization curve is divided into three different zones with different E peak and i peak . In other words, three diverse peaks are observed in these curves. This phenomenon is related to the microstructure and the phases present in these samples according to the XRD result, given in Fig. 1 . Each peak is related to the specific phase and this kind of curve is obtained when segregation occurred [34] . In S1 and S2, four different phases are observed: Cu matrix, TiO 2 particles, copper oxide, and Cu 3 Ti. It can be said that most of these peaks indicate the secondary phases dispersed in a Cu matrix. This seems more reasonable when in S3 and S4, the number of peaks reduced and the intensity is decreased due to the elimination of some phases. The corrosion current density values were determined by extrapolation, the slope of Tafel lines to the corresponding corrosion potentials and also by using the Sten-Gary Equation, which is shown in Eq. (2), the corrosion information of samples was calculated and presented in Table 2 . where b a and b c are the slopes of anodic and cathodic Tafel lines, R p is polarization resistance and i corr is corrosion current density. Usually, the i corr is commonly utilized as an important index to evaluate the rate of corrosion reaction. The corrosion rate is normally proportional to the i corr via polarization. According to the results shown in Table 2 , it is obvious that S2 Fig. 8 -Calculated density of synthesized samples.   Fig. 9 -SEM images of (a) S1, (b) S2, (c) S3, and (d) S4 .
has lower corrosion resistance in comparison to other samples. Approximately, other samples show equal value for i corr and no improvement is seen in corrosion behavior with the addition of excess of Cu. The small variations do not seem to follow a specific trend. It could be due to the existence of more porosity in this sample. The calculated density of samples is presented in Fig. 8 .A comparison of SEM images of synthesized samples with higher magnification is presented in Fig. 9 . From this image, it is obvious that the amount and size of forming porosities in sample S2 are larger than in other samples. Also, the surrounding area of the second phase in these images, especially in S2 sample, is the most capable of corrosion and pitting to occur. Regarding the formation of phases in the synthesis process, copper oxide causes ennoblement of the sample in the beginning and it promotes the corrosion resistance by CuCl and CuCl 2 − formation [35] . The distinct corrosion behavior is associated with the microstructural difference between sample; including defects, the boundary between secondary phase and the matrix as well as the formation of different phases.
To obtain more information about the corrosion behavior of synthesized nanocomposites, the electrochemical behavior of samples was investigated through the Electrochemical Impedance Spectroscopy (EIS). Fig. 10 shows the EIS curves and Table 3 presents the results. From the results presented in Table 3 , the S3 sample has the best corrosion resistance than other samples. From preliminary observation of curves, two areas could be distinguished, the linear and curvature area. At higher frequency, DC signal could not diffuse to the end of the porosities due to the short time of diffusion. Also, higher magnification of the linear section is presented in Fig. 10 . It can be concluded that porosities are acting like infinitive porosity and IR drop is observed. At lower frequencies, AC signals diffuse to the end of porosities and the capacitor is equal to the total capacitor of walls of porosity. Therefore, this section of EIS curve is not determined in corrosion behavior of samples.
In the curvature area, the determining factor in deviation is the presence of detecting phases in XRD pattern and their interactions. The interaction between the two phases Cu x O-TiO 2 plays an important role in the electrochemical behavior of synthesized nanocomposite [36] . Ti is relatively an inert metal, so a very stable thin oxide film will form on Ti surface even at the room temperature. This film consists of TiO 2 with a thickness of a few nanometers and possesses remarkable corrosion resistant [37] . Therefore, in Cu/TiO 2 interface, the galvanic couple has existed and Cu acts as the anode while Ti acts as the cathode. It can be concluded that the potential difference between Cu and TiO 2 , corrosion process of Cu is accelerating, especially the corrosion rate of the area adjacent to TiO 2 particles. It can be predicted that corrosion of TiO 2 particles is extremely slight, and its main corrosion type could be pitting. In addition, the electrochemical performance of copper oxide was strongly dependent on electron transfer from Ti-based particles. Thus, during the charging process, when the metallic particles (Ti) acted as electron drain, the outer surrounded matrix (Cu) was the first ones undergoing oxidation and the subsequent electron conduction from the outermost region was limited by the Cu → Cu x O conversion. The first deviation took place in S4 sample. This could be due to the presence of Cu 2 O. In the absence of Cu 2 O, the deviation occurred in the S1 sample and by decreasing the Cu 3 Ti intermetallic phase, the better behavior is seen in the S2 sample. In the S3 sample and in the absence of any copper oxide, of course, there is an interaction between Cu x O-TiO 2 and the best electrochemical behavior is obtained in this sample.
Conclusions
The corrosion behavior of Cu-TiO 2 nanocomposite with the excess amount of Cu was investigated. The samples were prepared through the SHS process. Results show that porosity, secondary phase (amount and distribution) have the highest influence on corrosion behavior of the nanocomposites. In Cu-TiO 2 , increasing the Cu-content causes the formation of the intermetallic phase, Cu 3 Ti. The distinct corrosion behavior is associated with the microstructural difference between samples. This includes imperfections, the boundary between secondary phase and the matrix as well as the formation of different phases. Oxide formation, copper oxide, and titanium oxide determine the electrochemical behavior of samples due to the electron transform between metallic particles and matrix. Results show that the optimum excess Cu content is 20 wt%. Adding these amounts of excess Cu, highest microhardness, highest density, and better corrosion behavior were obtained.
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